The association between a conditioned stimulus (CS) and an unconditioned stimulus (US) in fear-conditioning depends on N-methyl-D-aspartate (NMDA) receptors in the basolateral amygdala complex (BLA). Latent inhibition (LI) is the retardation in learning due to nonreinforced presentation of the prospective CS before conditioning. Disruption of LI in rats is an animal model of schizophrenia, reflecting the deficits of schizophrenic patients in neglecting irrelevant information. We investigated whether the BLA is involved in LI of fear-potentiated startle. Infusions of the NMDA receptor antagonist D,L-2-amino-5-phosphonopentanoic acid (AP-5; 12.5 nmoles) into the BLA before preexposure of rats to the neutral stimulus prevent LI of fear-conditioning. We also demonstrated by the same method that a complex of thalamic nuclei, comprising the medial part of the medial geniculate nucleus, the posterior intralaminar nucleus, and the suprageniculate nucleus, is involved in fear-conditioning, but not in LI. This suggests that the presentation of an innocuous stimulus during preexposure leads to an NMDA receptor-dependent change of neurotransmission in the BLA, but not in the thalamus. Our data show that the BLA but not the thalamus regulates in LI of fear-potentiated startle. Furthermore, it supports the hypothesis that the inability of schizophrenic patients to ignore irrelevant stimuli may be caused by hypofunction of the glutamatergic transmission in the brain and suggests an involvement of the amygdala in the neuropathology of schizophrenia.
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The association between a conditioned stimulus (CS) and an unconditioned stimulus (US) in fear-conditioning depends on N-methyl-D-aspartate (NMDA) receptors in the basolateral amygdala complex (BLA). Latent inhibition (LI) is the retardation in learning due to nonreinforced presentation of the prospective CS before conditioning. Disruption of LI in rats is an animal model of schizophrenia, reflecting the deficits of schizophrenic patients in neglecting irrelevant information. We investigated whether the BLA is involved in LI of fear-potentiated startle. Infusions of the NMDA receptor antagonist D,L-2-amino-5-phosphonopentanoic acid (AP-5; 12.5 nmoles) into the BLA before preexposure of rats to the neutral stimulus prevent LI of fear-conditioning. We also demonstrated by the same method that a complex of thalamic nuclei, comprising the medial part of the medial geniculate nucleus, the posterior intralaminar nucleus, and the suprageniculate nucleus, is involved in fear-conditioning, but not in LI. This suggests that the presentation of an innocuous stimulus during preexposure leads to an NMDA receptor-dependent change of neurotransmission in the BLA, but not in the thalamus. Our data show that the BLA but not the thalamus regulates in LI of fear-potentiated startle. Furthermore, it supports the hypothesis that the inability of schizophrenic patients to ignore irrelevant stimuli may be caused by hypofunction of the glutamatergic transmission in the brain and suggests an involvement of the amygdala in the neuropathology of schizophrenia.
Fear is a strong behavioral determinant, and, therefore, the neural mechanisms regulating this motivational state are of considerable interest. The basolateral complex of the amygdala (BLA), consisting of the lateral, basolateral, and basomedial nuclei, is crucial for the association of the unconditioned stimulus (US) and the conditioned stimulus (CS) in Pavlovian fear-conditioning (Davis 1997; Killcross et al. 1997; Fendt and Fanselow 1999; Amorapanth et al. 2000; LeDoux 2000) . The association between the neutral CS and the aversive US in the BLA is probably mediated by an NMDA-receptor-dependent process of long-term potentiation (Miserendino et al. 1990; Campeau et al. 1992; Gewirtz and Davis 1997; McKernan and Shinnick-Gallagher 1997; Rogan et al. 1997) .
The repeated nonreinforced presentation of a prospective CS in a preexposure stage before conditioning leads to retarded conditioning and is termed latent inhibition (LI) (Lubow and Moore 1959; Lubow 1989) . LI disruption in rats may provide an animal model of the failure of schizophrenics to ignore irrelevant stimuli (Lubow et al. 1987; Gray et al. 1992; Weiner and Feldon 1997) .
The precise nature of the underlying mechanisms of LI is not completely understood yet (Weiner and Feldon 1997) . One possible explanation for LI is that preexposure leads to a long-lasting change in information processing (possibly by forming a representation of the neutral stimulus) that interferes subsequently with acquisition or retrieval of the "CS: shock" contingency (Killcross and Balleine 1996) . It is a reasonable assumption that such a process of altered neurotransmission takes place in those brain structures that are involved in conditioning or retrieval. In the case of LI of fear-conditioning, this would imply that the BLA is involved in the blunting of the association between an aversive and a neutral event. Despite the fact that the BLA receives sensory input from a variety of brain sites (Turner and Herkenham 1991) , the storage of memories of neutral stimuli in the BLA has not been described so far. However, a role of the BLA in LI of fear-induced freezing in mice has been shown using the expression of the immediate-early-gene c-fos as a marker for changes in neuronal activity (Radulovic et al. 1998) . Moreover, Falls and coworkers have shown that infusions of the NMDA receptor antagonist (±)-2-amino-5-phosphonopentanoic acid (AP-5) into the BLA block extinction of fear-potentiated startle (FPS) (Falls et al. 1992) . Although extinction and LI are different in terms of when the CS exposure in the absence of shock is given with respect to training, these two phenomena are otherwise procedurally identical, and both are context-specific. On the basis of these similarities, we expected that blockade of NMDA receptors in the BLA interferes with LI.
The present study investigated whether NMDA receptors in the BLA are involved in LI measured as attenuation of FPS (Schauz and Koch 1998) . In FPS, a neutral stimulus is paired with a foot-shock, which leads to a potentiation of the startle response in the presence of the CS after training Fendt and Fanselow 1999; Koch 1999) . FPS depends on NMDA receptors in the BLA (Miserendino et al. 1990; Gewirtz and Davis 1997) . According to our hypothesis, fear-conditioning is attenuated by LI when a memory trace "CS: neutral" is formed in the BLA during preexposure, which has to be overlearned during conditioning ("CS: shock").
There is evidence that subcortical pathways via the thalamus and the amygdala are involved in the processing of emotionally significant stimuli (Weinberger 1993; LeDoux 1998; Morris et al. 1999) . Therefore, we also addressed the question whether thalamic nuclei play a role in FPS and LI. Thalamic nuclei possibly involved in fear-conditioning comprise not only those thalamic nuclei that are directly involved in the processing of the CS (visual or auditory thalamic nuclei) and US (nociceptive thalamic nuclei), but also the associated sensory nuclei surrounding the medial geniculate body, the suprageniculate nucleus (SG), the medial subdivision of the medial geniculate nucleus (MGm), and the posterior intralaminar nucleus (PIN) (Weinberger 1993; Benedek et al. 1997; Doron and LeDoux 1999; Linke et al. 1999) .
To investigate the role of the BLA in LI we locally infused the NMDA-receptor antagonist AP-5 before preexposure to the neutral stimulus. We also infused AP-5 into the PIN/MGm/SG region before fear-conditioning and before testing to assess its possible role in acquisition and expression of FPS. Furthermore, we tested a potential role of the PIN/MGm/SG region in LI by blocking NMDA receptors during preexposure.
RESULTS
LI was assessed as the attenuation of percent FPS in preexposed rats in comparison with the nonpreexposed fear-conditioned rats. The control rats received bilateral saline injections either into the BLA or into the PIN/MGm/SG before the preexposure stage, leading in the test to a significant reduction of FPS in preexposed (PE; n = 10) versus nonpreexposed (NPE; n = 10) animals (p = 0.02; Fig. 1A ). Seventeen rats (NPE: n = 8; PE: n = 9) received bilateral infusion of the NMDA receptor antagonist AP-5 into the BLA immediately before the preexposure stage. Intra-BLA administration of AP-5 blocks LI of FPS (p = 0.95; Fig. 1B ). Infusion of AP-5 into the BLA does not significantly interfere with the baseline ASR magnitude (saline: 132.33 ± 16.68; ; p = .09). Sixteen rats (NPE: n = 7; PE: n = 9) received bilateral injections of AP-5 into the PIN/MGm/SG before preexposure. This treatment had no effect on LI of FPS as indicated by a significant difference between preexposed and nonpreexposed rats (p = 0.03; Fig. 1C ). Infusion of AP-5 into the PIN/MGm/SG did not interfere with the baseline ASR magnitude (saline: 132.33 ± 18.13; AP-5: 139.53 ± 17.64; p = 0.77).
We measured FPS as a significant increase of the ASR magnitude in the light-tone trials compared to the tonealone trials in control rats (acquisition: n = 9; p < 0.05; expression: n = 9; p < 0.05). To assess the role of the PIN/ MGm/SG in acquisition of FPS with a visual CS, AP-5 was injected into the PIN/MGm/SG before conditioning. This treatment significantly attenuated the acquisition of FPS (saline: n = 9; AP-5: n = 8; p = 0.01; Fig. 2A ). The role of the NMDA receptors in the PIN/MGm/SG in expression of FPS was measured after administration of AP-5 before the test session. As indicated in Figure 2B , AP-5 injection also interferes with the expression of FPS (saline: n = 9; AP-5: n = 9; p = 0.02). Furthermore, the spontaneous motor activity of the rats in the ASR test cage measured during the test was significantly attenuated in control rats, indicating freezing in control rats, but not in AP-5 rats (saline: 18.09 ± 3.58, AP-5: 59.91 ± 9.32; p = 0.001). The immediate motor response during application of electric foot shocks (jumping and flinching) was measured after vehicle versus AP-5 infusion. 
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DISCUSSION
The reduction in FPS after preexposure to the prospective CS was absent in AP-5 treated rats, indicating that blockade of NMDA receptors in the BLA during preexposure attenuated LI of FPS. This finding supports the hypothesis that during preexposure a representation of the "CS: neutral" situation is formed in the BLA that is inconsistent with the information acquired during conditioning ("CS: shock"). Our data show that there is an NMDA-receptor-dependent mechanism possibly involved in establishing a memory trace for a neutral, innocuous stimulus presented during preexposure. Although it is well known that the amygdala receives ample multimodal sensory input (Turner and Herkenham 1991) , to our knowledge, this is the first behavioral evidence for a long-lasting change of neutral sensory information processing in the BLA.
The important role of the amygdala in the processing of aversive and pleasant memories in animals and humans is well known (Everitt and Robbins 1992; Adolphs et al. 1995; Davis 1997; Killcross et al. 1997; LeDoux 1998; Fendt and Fanselow 1999; Hamann et al. 1999) ; our data suggest that the BLA plays a more general role in the evaluation of cues and situations, implying interferences of neutral and emotional memories. Neural plasticity based on long-term potentiation within the BLA is crucial for the storage of aversive memories (Miserendino et al. 1990; Campeau et al. 1992; Gewirtz and Davis 1997; McKernan and ShinnickGallagher 1997; Rogan et al. 1997; Fanselow and LeDoux 1999) . Consequently, intraamygdaloid AP-5 impairs fearconditioning only if infused before, but not after training (Maren et al. 1996; Muller et al. 1997 ) and muscimol-induced inhibition of the BLA affects fear memory formation before, but not after training (Wilensky et al. 1999) . Furthermore, lesions given 28 days after training still produce deficits in the expression of conditioned fear, indicating storage of the association between CS and US in the BLA Lee et al. 1996; Maren et al. 1996) . Although these results strongly suggest that fear memory formation is based upon a neural mechanism in the BLA, other findings indicate that the BLA is only temporarily involved in fear learning and, rather, has a modulatory role on 
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the neuroplasticity in other regions of the brain, for example, in the hippocampus (McGaugh et al. 1993; Cahill et al. 1999; Vazdarjanova and McGaugh 1999) . This has led to a controversy in the literature as to where in the brain aversive memories are acquired and stored (Cahill et al. 1999; Fanselow and LeDoux 1999; Amorapanth et al. 2000) . Our present data show that the BLA is involved in LI of FPS possibly owing to the storage of a "CS: neutral" memory trace. This supports the contention that the BLA is also the brain site where the fear memory is formed. In contrast to the present findings using FPS, LI of a conditioned suppression procedure is regulated by the hippocampus (Weiner and Feldon 1997) and not by the BLA (Weiner et al. 1996) . Since the hippocampus plays a minor role in FPS (McNish et al. 1997) , we postulate that the hippocampus might not be involved in LI of FPS. The finding of a role of the BLA in processing of neutral stimuli is interesting in the light of the fact that extinction of FPS is also blocked by AP-5 infusion into the amygdala (Falls et al. 1992) . Extinction refers to the reduction of the imperative nature of the CS after repeated nonreinforced presentation of the CS. Thus, extinction is another example for neuronal plasticity involving the evaluation of neutral stimuli by the BLA. However, here the "CS: neutral" representation is acquired after the "CS: shock" memory trace has been formed.
It has to be taken into account that the rat's ability to detect the visual stimuli could be impaired by infusion of AP-5. This possibility can be excluded based on earlier studies, which found that FPS using a visual CS is not disrupted by this NMDA receptor antagonist infused into the amygdala (Falls et al. 1992) .
In addition to the importance of the amygdala in learning and memory processes, amygdala malfunction is considered to be involved in the neuropathology of schizophrenia (Reynolds 1992) . Since LI can be measured in rats and humans and is impaired in schizophrenic patients and after certain experimental manipulations (e.g., administration of glutamate antagonists or dopamine agonists) also in rats, LI in animals is viewed as a valid model for schizophrenia (Lubow et al. 1987 ). We measured an impairment of LI after local infusion of an NMDA-receptor antagonist. The possible malfunction of glutamate transmission in schizophrenia has gained increased attention in the past few years and has led to the formulation of the glutamate hypothesis of schizophrenia (Tamminga 1998) . Based on the findings of reduced glutamate levels in schizophrenic brains (Kim et al. 1980) and the psychotomimetic properties of NMDA-receptor antagonists, that is, phencyclidine (Jentsch and Roth 1999) , hypofunction of the glutamatergic system was proposed to account for some aspects of the disease. The described failure of the processing of irrelevant stimuli after infusion of AP-5 into the BLA in rats may provide evidence that underfunction of NMDA receptors in the amygdala is relevant for the filtering deficits of sensory stimuli in schizophrenia.
The involvement of the PIN/MGm/SG in fear-conditioning of an acoustic CS was previously shown by a series of investigations (LeDoux et al. 1983 (LeDoux et al. , 1990 Campeau and Davis 1995; Heldt and Falls 1998; Weinberger 1998; Edeline 1999) , but the role of the PIN/MGm/SG in fear-conditioning of a visual CS is less well elucidated (Tischler and Davis 1983 ). An electrophysiological study characterized the SG as a nucleus with multisensory (visual, auditory, and nociceptive) receptive field properties (Benedek et al. 1997) . Moreover, anatomical data from Linke and coworkers (Linke et al. 1999 ) and Doron and LeDoux (1999) suggest that the PIN/MGm/SG is a possible candidate for the processing of auditory and visual stimuli in the context of fearconditioning. The reduction by AP-5 of acquisition and expression of FPS indicates an important role of the PIN/ MGm/SG in processing of the visual CS in fear-conditioning. Diffusion of AP-5 within the PIN/MGm/SG-complex does not allow discernment of the relative contribution of these different nuclei to the behavioral effects described here. 
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Although we found clear effects on acquisition and expression of FPS, infusing AP-5 into the PIN/MGm/SG before preexposure had no effect on LI of FPS. These data are akin to the results that lesions of the auditory thalamus abolish FPS but do not interfere with inhibition of fear after conditioned inhibition training (Heldt and Falls 1998) . They also indicate that the mechanisms underlying synaptic plasticity in fear-conditioning are different in the thalamus and in the amygdala. However, there is also the possibility that the lack of effect on LI of AP-5 in the PIN/MGm/SG is caused by a reduced sensitivity of the thalamic NMDA receptor system in comparison to the BLA. The question whether there is only a quantitative rather than a qualitative difference of NMDA-receptor-mediated information processing between the PIN/MGm/SG and the BLA should therefore be tested in future experiments, where higher doses of NMDA-receptor blockers are infused into the thalamus. The observation that FPS but not LI is impaired by AP-5 is interesting because it shows that NMDA-receptor blockade of the PIN/MGm/SG does not reduce the rat's ability to perceive visual stimuli. However, the fact that AP-5 reduced the expression of FPS clearly indicates that blockade of NMDA receptors of the PIN/MGm/SG does interfere with the processing of the visual CS after conditioning. Since a previous lesion study has shown that the PIN/MGm/SG is involved in the processing of the foot shock (Shi and Davis 1999) , it is conceivable that intra-PIN/MGm/SG infusion of AP-5 might have blocked the nociceptive input during acquisition of FPS. However, our observation that AP-5 also blocked retrieval of fear, suggests that NMDA-receptor blockade in the PIN/MGm/SG specifically reduces the behavioral relevance of the visual CS. We conclude from these results that parallel pathways exist for the processing of the physical parameters of the light stimulus and of the light as a behavioral significant stimulus (McIntosh and GonzalezLima 1998) and that only visual stimuli with behavioral relevance are mediated by NMDA receptors in the PIN/MGm/ SG. This might be because of the fact that the ascending sensory input to the thalamus is mainly mediated by AMPA receptors, whereas the cortical input to the thalamus is predominantly transmitted by NMDA receptors (Salt and Eaton 1996) . Thus, we assume that the visual input into the PIN/ MGm/SG complex that is relevant for FPS is of cortical origin.
Taken together, we argue that the BLA is not only involved in the processing of emotional significant stimuli but also in the representation of neutral stimuli necessary for LI of FPS. Furthermore, we provide evidence that the PIN/ MGm/SG is an important part of the subcortical pathway of the behaviorally significant visual CS, but is not required for the processing of the neutral CS in the LI paradigm.
MATERIALS AND METHODS
All experiments were done in accordance with international guidelines for the care and use of animals for experiments and were approved by the local council of animal care (Regierungspräsidium Tübingen, ZP 4/96). A total of 79 experimentally naive male Wistar rats (200-300 g, Charles River, Sulzfeld, Germany) were included in the statistical analysis. The animals were kept in groups of 5-6 per cage in a colony room under a 12-h light-dark cycle (lights on at 7:00 a.m.) with food and water available ad libitum.
Rats were anaesthetized with chloral hydrate (420 mg/kg i.p.) and placed in a stereotaxic frame. After exposition and trepanation of the skull they were stereotaxically implanted with bilateral guide cannulas (22 gauge). The coordinates were −2.8 mm caudal, ±5.0 mm lateral, and 8.2 mm ventral (BLA); and −6.04 mm caudal, ±3.0 mm lateral, and 6.5 mm ventral (PIN/MGm/SG) relative to Bregma, flat skull position (Paxinos and Watson 1986) . Stylets (27 gauge) were inserted into the cannulas to prevent them from clogging. Behavioral testing began 1 wk after surgery.
The NMDA-receptor antagonist (±)-2-amino-5-phosphonopentanoic acid (AP-5; 12.5 nmoles; RBI, Biotrend, Germany) was dissolved in saline, adjusted to pH 7.0, and administered bilaterally immediately before the test in a volume of 0.5 µL via a 27-gauge injection cannula at a rate of 0.25 µL/min. The injection cannula remained in the brain for another minute after infusion was completed to allow for AP-5 to diffuse into the brain parenchyma.
Preexposed (PE) and nonpreexposed (NPE) controls received saline injections immediately before the preexposure stage either into the BLA or into the PIN/MGm/SG (n = 20; NPE = 10; PE = 10). Bilateral injection of AP-5 into the BLA was performed on 17 rats (NPE = 8; PE = 9); bilateral AP-5 injection into the PIN/ MGm/SG was performed on 16 rats (NPE = 7; PE = 9). To assess the effect of AP-5 on acquisition of FPS, AP-5 or vehicle was infused before conditioning (saline: n = 9, AP-5: n = 8). Expression of FPS was tested according to a within-subject latin-square design by infusing saline or AP-5 into the PIN/MGm/SG before testing (n = 9). After infusion of saline or AP-5 we measured shock reactivity as immediate motor response during application of foot shock. For this measurement we used 17 rats that were tested before for FPS.
In the LI paradigm, preexposure and conditioning were performed on two consecutive days, followed by a test session one day after the last conditioning trial. In the preexposure stage, each rat was placed in a dark conditioning box (38 × 60 × 28 cm 3 ) provided with a floor made of steel bars spaced 15 mm apart. PE rats received 40 presentations of the prospective CS (white light, 15 W, duration 3.7 sec, interstimulus interval 30 sec). Rats of the NPE group were left in the conditioning box for an identical period of time without receiving the visual CS. Both groups were then trained in the conditioning box to associate the CS with the US, a 0.6-mA electric foot shock produced by a shock generator (custom made at the University of Tübingen) presented in the last 0.5 sec of a 3.7-sec white light (15 W). Ten pairings of CS and US were performed daily on two consecutive days. In the test session, the ASR was measured in a test box, a wire mesh cage (20 × 10 × 12 cm 3 ) with a steel floor that was mounted on a piezoelectric accelerometer in a soundattenuated chamber. The test consisted of 5 min of adaptation to the startle chamber and 10 initial acoustic startle stimuli (100 dB, 10 kHz pure tone of 20 msec duration including 0.4-msec rise and fall times) that were presented to produce a stable baseline of ASR, but were not statistically evaluated. Then 40 acoustic startle stimuli, half of them in darkness (tone-alone trials), the other half 3.2 sec after the onset of the 3.7-sec light CS (light-tone trials) were presented in a randomized order. Background noise intensity was 55 dB SPL. To assess fear-conditioning, the whole-body ASR amplitude in darkness and in the presence of the light was calculated, respec-
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www.learnmem.org tively. LI was inferred from the difference in fear-potentiation between preexposed and nonpreexposed rats. Rats tested for acquisition and expression of conditioned fear underwent the same behavioral procedure except for the preexposure stage. They were injected before conditioning to assess acquisition or before the test to assess expression of conditioned fear.
After completion of the behavioral studies, the rats were killed with an overdose of chloral hydrate and their brains were removed. Brains remained in a 30% sucrose 8% paraformaldehyde solution for at least 24 h. Then 50-µm coronal sections were taken and stained with thionin for determining the locations of the injection cannulas.
The data are presented as mean ± SEM and were analyzed by paired t-tests. An alpha value of p < .05 was considered to represent a significant difference.
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